Tissue regeneration through stem cell activation and/or cell dedifferentiation is widely distributed across the animal kingdom. By comparison, regeneration in mammals is poor and this may reflect a limited dedifferentiation potential of mature cells. Because mammalian myotubes can dedifferentiate in the presence of newt blastema extract, the present study tested the dedifferentiation induction capability of the blastema from the teleost Sternopygus macrurus (SmBE). Our in vitro data showed that SmBE did not induce cell cycle reentry of myonuclei in myotubes. Instead, SmBE caused myotubes to detach and time-lapse imaging analyses characterized the cellular events before their detachment. Furthermore, SmBE enhanced myoblast proliferation and reversibly inhibited their differentiation. These data suggest the presence of protein factors in SmBE that regulate mammalian muscle physiology and differentiation, but do not support the conservation of a dedifferentiation induction capability by the blastema of S. macrurus.
INTRODUCTION
Skeletal muscles in mammals have the ability to regenerate after injury or disease. This regenerative process is characterized by the proliferation and subsequent fusion of myogenic stem cells, that is, satellite cells, to form new myotubes and muscle fibers (Campion, 1984) . Recent studies have revealed that adult stem cells not associated with muscle may also contribute to muscle fiber regeneration (reviewed in Asakura, 2003) . Despite the activation of potentially different stem cell populations, the regenerative capacity of skeletal muscle in mammals is limited. This is evident in injuries or degenerative diseases where repeated cycles of degeneration and regeneration eventually exhaust the ability of muscle fibers to recover. In contrast, it is well known that less derived vertebrates display a very robust regeneration response to repeated tissue loss or injury. It is also becoming clear that in some vertebrates, mature cells can reenter the cell cycle, that is, dedifferentiate, and contribute to the regeneration process (Echeverri and Tanaka, 2002; Stocum, 2004) . These data warrant an understanding of the cellular and molecular mechanisms underlying dedifferentiation, and redifferentiation of cells that occur during tissue restoration in highly regenerative vertebrate species because it has the potential to reveal correlate processes in mammalian systems.
Although most animals are capable of restoring lost tissues, Urodele amphibians have been an established regeneration model system and have yielded much information about cellular and molecular processes underlying epimormic regeneration. This regeneration process begins with the closing of a wound stump by migration of epithelial cells to form a wound epithelium followed by the formation of a blastema, that is, a specialized proliferative zone of mesenchymal cells forms beneath the epidermis at the wound site. The blastema gives rise to all tissue types lost during the regeneration process. Numerous studies on urodeles indicate that mature muscle cells near the injury site can lose their differentiated state, reenter the cell cycle, and be a source of blastemal cells (Tsonis, 2000; Brockes and Kumar, 2002; Echeverri and Tanaka, 2002; Nechiporuk and Keating, 2002; Nye et al., 2003; Stocum, 2004) . The current thinking associates a greater potential for regeneration with a corresponding potential for cell dedifferentiation (Tsonis, 2000; Brockes and Kumar, 2002; Nye et al., 2003; Brockes and Kumar, 2005) . This is further supported by observations showing that regeneration does not proceed in the absence of cell dedifferentiation (Brockes and Kumar, 2002; Echeverri and Tanaka, 2002; Stocum, 2004; Brockes and Kumar, 2005) .
Whether cell dedifferentiation is the fundamental factor that triggers a robust regeneration capacity, and the loss or inhibition of this process explains the limited regeneration potential in other vertebrates is not known. Recent studies demonstrated that terminally differentiated mammalian myotubes can be induced to dedifferentiate when stimulated with the appropriate signals. Specifically, differentiated myotubes in culture responded to protein extracts from newt blastemas by myonuclei reentering the cell cycle (McGann et al., 2001) . Some myotubes were also observed to cleave and produce smaller multinucleated myotubes or proliferating mononucleated cells in culture. These data suggest that mammalian muscle retains the capacity to dedifferentiate. The lack of cellular plasticity in mammalian myotubes may be due to the absence of signals that initiate the dedifferentiation process. The prevalence of tissue replacement and restoration by means of epimorphic regeneration among vertebrate groups that are less derived than mammals (Goss, 1968) suggested to us that the muscle dedifferentiation induction capability might be conserved in regeneration blastema from other species.
Electric fish are among the most highly regenerative teleost species known (Anderson and Waxman; Kirschbaum and Meunier, 1988; Patterson and Zakon, 1997) . For example, the gymnotiform Sternopygus macrurus can inexhaustibly regenerate its spinal cord, skeleton, dermis, skeletal muscle and the muscle-derived electric organ (EO) within 3-4 weeks after repeated tail amputation without scar formation (Patterson and Zakon, 1993) . Immediately after tail amputation, epidermal cells at the wound margin proliferate and cover the wound within 24 hr. Regeneration then proceeds by local formation of a blastema consisting of undifferentiated ependymal and mesenchymal progenitor cells. In the blastema, the regions closest to the intact tail contain the most differentiated cells, whereas the cells toward the tip of the tail are less differentiated and mitotically active. Within a week, the regeneration blastema is visible as a swelling at the end of the tail. Over the subsequent week, this swelling elongates and, from it, cells differentiate into distinct tissue types in a process that proceeds from the most ventral and anterior regions of the blastema (Patterson and Zakon, 1993) . With subsequent differentiation, cells located more peripherally continue to mature into muscle cells, while those located more centrally (farthest from the skin) show several changes as they convert to electrocytes (Unguez and Zakon, 1998) . Ependymal cells fill the central canal, and the ventral portion at some levels of the regenerating spinal cord is filled with neurites and capillaries as spinal cord regeneration proceeds in a rostral to caudal gradient.
Based on the similar blastema-dependent regeneration in S. macrurus and in urodeles, we anticipated that mammalian myotubes would alter their established differentiation phenotype and be induced to dedifferentiate in the presence of protein extracts from S. macrurus blastema (SmBE). Specifically, we presumed that myonuclei in differentiated muscle fibers would reenter the cell cycle and/or myotubes would cleave into smaller multinucleated myotubes when exposed to SmBE. We cultured C2C12 myotubes in the presence of protein extract from S. macrurus blastema under culture conditions similar to those used by McGann et al. (2001) that induced dedifferentiation of myotubes in vitro. Our studies reveal that mouse myotubes also respond to SmBE based on phenotypic changes observed in proliferating myoblasts, differentiating myoblasts, and mature myotubes. Specifically, proliferation of myoblasts was enhanced, and expression of muscle differentiation markers and fusion of myoblasts were suppressed in the presence of SmBE. This inhibition effect was reversible as myoblasts were capable of differentiating after SmBE removal. Moreover, we show that SmBE does not induce cell cycle reentry of myonuclei in differentiated myotubes or cleavage of multinucleated cells. In contrast, SmBE treatment induced a rapid calcium transient that was followed by a contraction-like behavior in multinucleated myotubes. Although these data suggest the presence factors in SmBE that regulate mammalian muscle physiology and differentiation, the absence of cell dedifferentiation under the proposed culture conditions suggests that the dedifferentiation induction capability is not conserved in S. macrurus and may be unique to newt blastema cells.
RESULTS

Characterization of 1-week and 2-week Blastema
When the tip of the tail is amputated, epidermal cells at the wound margin rapidly proliferated and covered the wound within 24 hr. After 1 week, a blastema appeared as a small swelling at the end of the tail (Fig. 1A) . At this stage, the blastema was generally less than 4 mm in length (Fig. 1A) . Consistent with data from previous studies, the cell composition of a 1-week blastema was comprised primarily of undifferentiated mesenchymal cells (Patterson and Zakon, 1993) and bromodeoxyuridine (BrdU) -positive cells were located throughout the distal half to two-thirds of the blastema (Fig. 1A) . Over the next week, this swelling elongated to an average of 7 mm in length (Fig. 1B) . Within the 2-week blastema, some differentiated muscle fibers, electrocytes, and the central canal were apparent (Fig. 1B) . Muscle fibers regenerated adjacent to the epithelium, whereas the larger muscle-derived electrocytes were located more central and farter away from the epithelium (Fig. 1B) . These findings concur with those previously reported by Unguez and Zakon (1998) . We detected a lower incidence of BrdUpositive cells in 2-week blastema compared with 1-week blastema (Fig. 1) . Furthermore, unlike in 1-week blastema, BrdU-positive cells in 2-week blastema were predominantly located within muscle cells adjacent to the epithelium and not throughout the blastema (Fig. 1B, inset) .
Blastema Extract Does Not Induce Myotube Nuclei to Reenter the Cell Cycle
To determine whether mammalian muscle cells are capable of responding to the signals from S. macrurus regeneration blastema, C2C12 myotubes were treated with 1-week SmBE and tested for BrdU incorporation. After differentiation of C2C12 myoblasts in differentiation medium (DM) for 5 days, myotubes were re-plated at low density and incubated in the presence of either adult muscle extract (nonregenerating tissue) or SmBE at concentrations between 0.025 and 0.1 mg/ml for an additional 3-day period. The cultures were incubated with BrdU for the last 12 hr of the treatment period. We did not observe BrdU label in myonuclei of differentiated myotubes under any culture condition (Fig. 2) . Our data showing that myonuclei in differentiated myotubes did not re-enter the cell cycle when cultured in SmBE, is in contrast to the response of myonuclei in myotubes cultured in the presence of newt blastema extract (McGann et al., 2001 ). In addition, we found that the 3-day treatment of myotubes with SmBE resulted in the detachment of most, if not all, myotubes. Treatment with adult muscle extract, or no extract at all had no effects on differentiated myotubes.
Characterization of the Effect of Blastema Extract on Myotubes
To characterize the events underlying the detachment of myotubes observed after the 3-day SmBE treatment, we performed time-lapse imaging after extract application. Although detachment of myotubes did not occur simultaneously, this effect was observed on all myotubes within 60 min of incubation with SmBE (Fig. 3A) . As observed by time-lapse microscopy, the time of detachment of any given myotube could not be predicted, but it became apparent that some myotubes completely detached in less than 20 min after SmBE incubation (Fig. 3B) . Myotubes characteristically shortened one end before proceeding to bulge and form an amorphous ball immediately before detachment (Fig. 3B) .
Given the contraction-like behavior of detaching myotubes, we studied the changes in cytosolic calcium levels in myotubes in all treatment conditions using the intracellular calcium indicator Fluo-4. Addition of SmBE to the culture caused an increase in Fluo-4 signal in most myotubes within 2 min (Fig. 4A) , and this increase in signal was rapidly followed by myotube shortening (Fig. 4A ). Although this effect was commonly observed in multinucleated myotubes, few mononucleate C2C12 cells also showed a similar time-dependent increase in Fluo-4 signal followed by contractions. Unlike with SmBE treatment, addition of adult muscle extract did not show considerable changes in Fluo-4 signal in myotubes over a 30-min incubation period (Fig. 4B ). Of interest, addition of calcium chloride (final concentration: 20 mM vs 2 mM in DM) resulted in an increased Fluo-4 signal in both myotubes and mononucleate cells in the culture (Fig. 4C ). Calcium chloride treatment did not replicate the rapid calcium transient followed by the apparent contraction of myotubes observed with SmBE treatment.
Caffeine has been shown to induce rapid calcium transients in C2C12 myotubes by releasing calcium from the sarcoplasmic reticulum (SR) into the cytosol through the activation of ryanodine receptors (Lorenzon et al., 1997; Tarroni et al., 1997) . To determine whether the effect of the blastema extract on myotubes is similar to that of caffeine, we replaced the differentiation medium with caffeine-containing medium (final caffeine concentration 40 mM). This led to a rapid (<1 min) increase in Fluo-4 signal and a subsequent contraction within 15 min in most myotubes (Fig. 4D) . In general, caffeine did not affect the Fluo-4 signal in the mononucleated C2C12 cell population. These findings suggest that SmBE might contain a factor(s) that releases calcium from the SR of C2C12 cells which leads to contractions in those cells with a more differentiated contractile apparatus.
Proliferative Effect of Blastema Extract on C2C12 Myoblasts
In contrast to detachment of myotubes after SmBE treatment, most mononucleated C2C12 cells in differentiation medium remained attached, showing no distinct morphological differences from C2C12 cells in control conditions. After 3 days of SmBE treatment, mononucleated cells incorporated BrdU, and the BrdU immunolabeling pattern was heterogenous among the cultured cells. Moreover, both 1-week and 2-week SmBE treatments resulted in an increase in BrdU-positive cell number (∼15% increase, P value < 0.05; Fig. 5 ). Increases in cell proliferation in the presence of 1-or 2-week SmBE were similar (Fig. 5 ). In contrast, adult muscle extract treatment did not have an effect on the number of BrdU-positive cells compared with controls (DM only). These data show that SmBE treatment did not induce dedifferentiation in C2C12 myotubes, but it did enhance cell proliferation of C2C12 myoblasts.
Inhibition of C2C12 Differentiation by Blastema Extract
To test whether SmBE modulates the muscle differentiation program of C2C12 mononucleate cells, cells were induced to differentiate in the presence of SmBE for 5-6 days. The effect of SmBE on C2C12 differentiation was based on the expression of a muscle differentiation marker (e.g., MHC), cell fusion, and myotube formation (cells with at least two nuclei were counted as myotubes). SmBE treatment reduced the number of MHC-expressing mononucleate cells and myotubes in a dose-dependent manner, whereas adult muscle extract had no effect on either MHC expression or myotube formation (Fig. 6A) . Our quantitative analysis also demonstrated that both 1-week and 2-week SmBE significantly decreased the number of MHC-positive cells ( Fig. 6Ba ) and myotubes ( Fig. 6Bb) . However, the inhibitory effect of 1-week SmBE on both aspects of differentiation was more potent than that obtained with 2-week SmBE treatment (Fig. 6B ). Inhibition of C2C12 differentiation was also reflected on the number of nuclei incorporated into myotubes (Fig. 6Bc ). Specifically, myotubes had significantly fewer nuclei when culture in the presence of 1-week SmBE. Similar results were observed with 2-week SmBE treatment, but only at the higher concentration (Fig. 6Bc) .
The SmBE-induced suppression of MHC expression in C2C12 cells was further confirmed by Western blot analysis (Fig. 6C ). As shown in Figure 6C , the level of MHC protein was lower in SmBE-treated cells. Consistent with immunolabeling studies (Fig. 6A) , the suppression effect on MHC levels was dependent on dosage and age of the blastema, that is, 1-week SmBE treatment was more potent than 2-week SmBE treatment. Similar results were obtained with titin immunofluorescence, that is, the number of C2C12 cells expressing titin was lower in the presence of 1-or 2-week SmBE compared with treatments with adult muscle extract or DM only (data not shown). In addition, the staining intensity for titin immunolabeling of C2C12 cells markedly decreased in cells treated with SmBE (data not shown). No differences in the number of MHC-positive or titin-positive cells were observed between cultures treated with adult muscle extract and control (DM only) cultures. We compared the effect of SmBE treatment with those effects with basic fibroblast growth factor (bFGF) and transforming growth factor-beta (TGFβ) treatments on differentiating C2C12 myoblasts. The growth factors bFGF and TGFβ have a negative effect on differentiation of myoblasts in vitro (Massagué et al., 1986; Olson et al., 1986; Spizz et al., 1986; Rao and Kohtz, 1995) . Like SmBE, both bFGF and TGFβ markedly inhibited the formation of myotubes at concentrations ≥1 nM and ≥10 ng/ ml, respectively (Fig. 7) .
Effect of Blastema Extract on Muscle Differentiation Is Reversible
We tested whether the inhibitory effect of SmBE on myoblast differentiation could be reversed after withdrawal of the blastema extract from DM. To address this question, C2C12 myoblasts were cultured for 3 days in the presence of SmBE, and then incubated in DM without SmBE for a subsequent period of 4 days. Differentiation of C2C12 was suppressed by SmBE after 3 days (Fig. 8Aa , Ab). However, myoblasts differentiated when SmBE was removed from DM, resulting in formation of readily detectable myotubes (Fig. 8Ac) . By comparison, myotube formation was noticeably suppressed in parallel cultures that continued to be treated with SmBE for 7 days (Fig. 8Ad) . Western blot analysis of C2C12 myoblasts for MHC and myogenin proteins also demonstrated that myoblasts resume differentiation after removal of SmBE (Fig. 8B) .
Effects of Blastema Extract on the Expression of Differentiation Regulators
To further characterize some of the molecular changes that are associated with the SmBEinduced inhibition of C2C12 myoblast differentiation, the expression of proteins known to be involved in skeletal muscle differentiation were studied. Myoblasts were incubated in DM with different tissue extracts for 1 or 2 days and then assayed by Western blot analysis. Incubation of C2C12 myoblasts for 1-2 days in DM alone, or in adult muscle extract showed an increase in MHC expression compared with that observed in myoblasts maintained in GM. Treatment with SmBE (1-week, 0.05 mg/ml) for 1 day resulted in no expression of MHC in C2C12 myoblasts (Fig. 9) . Although MHC expression was detected in myoblasts after two days of SmBE treatment, MHC expression levels were lower than those observed in control or adult muscle treated myoblasts (Fig. 9 ).
Muscle regulatory factors MyoD and myogenin are essential for the commitment and differentiation of cells to the skeletal muscle lineage (Pownall et al., 2002; Tapscott, 2005) . We observed MyoD protein levels to be greater in C2C12 cells on day 0 in DM than in GM (data not shown). No changes were detectable in the protein levels of MyoD during early differentiation for at least 2 days with any treatment (Fig. 9) . Myogenin protein also increased after 1 day in DM, but not in SmBE-treated myoblasts (Fig. 9) . The onset of C2C12 differentiation is accompanied by changes in the expression of cell cycle regulatory proteins, that is down-regulation of cyclin D, up-regulation of cyclin-dependent kinase (CDK) inhibitor p21, and increase in pRb activity, leading to cell cycle exit (Kitzmann and Fernandez, 2001; DeFalco et al., 2006) . As predicted, p21 was upregulated in myoblasts treated with DM only and adult muscle extract for 1 and 2 days (Fig. 9) . In contrast, p21 protein levels did not change in SmBE-treated myoblasts (Fig. 9) . In low serum conditions, pRb is hypophosphorylated and this is the active form that helps to induce cell cycle exit and initiate the differentiation program. Myoblasts increased their levels of hypophosphorylated pRb after 1 day in DM (Fig. 8) . After 2 days in DM, only the hypophosphorylated form of pRb was detectable in myoblasts in DM only or in DM with adult muscle extract. This expression pattern of different pRb conformations was affected by SmBE treatment. Both hypo-and hyperphosphorylated forms of Rb were detected in C2C12 cells treated with SmBE and their levels did not change after 2 days of treatment (Fig. 9) .
Effect of Heat-Inactivated Blastema Extract on Differentiating C2C12 Cells
To determine whether factor(s) in SmBE that affected the C2C12 cell phenotype was heat sensitive, SmBE was boiled for 5 min, and precipitate cleared from SmBE by brief centrifugation before adding to the myoblasts or myotubes. Under these conditions, SmBE at concentrations of 0.10 and 0.20 mg/ml had no effect on the phenotypic properties of myoblasts or myotubes that were investigated in this study. C2C12 cells treated with heat-inactivated SmBE could not be distinguished from C2C12 cells cultured in DM only or in adult muscle extract (data not shown).
DISCUSSION
Based on a blastema-dependent regeneration process in S. macrurus to replace its tail after amputation, we predicted that mouse muscle cells would alter their phenotype and be induced to dedifferentiate by proteins extracts from S. macrurus blastema (SmBE). In this report, we demonstrate that SmBE has different effects on C2C12 myoblasts at different stages of differentiation. Specifically, SmBE treatment (1) does not induce dedifferentiation of C2C12 myotubes, (2) reversibly inhibits the differentiation of myoblasts, (3) enhances proliferation of undifferentiated myoblasts in low serum conditions, and (4) results in a rapid calcium transient in multinucleated myotubes that is followed by a contraction-like behavior and detachment. These data show that SmBE contains molecular factors that regulate the muscle differentiation program in mammals, but does not express signals that induce dedifferentiation of mammalian myotubes.
Blastema Extract Does Not Induce Myotube Nuclei to Re-enter the Cell Cycle
Previous studies have shown that terminally differentiated mammalian myotubes can dedifferentiate under certain conditions. For example, when SV40 T antigen is conditionally expressed in terminally differentiated C2C12 myotubes, it induces myotubes to reenter the cell cycle upon serum stimulation (Gu et al., 1993) . Dedifferentiation of myotubes is also reported to occur when Msx1 is ectopically expressed in myotubes under growth-promoting conditions (Odelberg et al., 2000) . Treatment of myotubes in vitro with newt regeneration extract shows that cellular events suggestive of myotube dedifferentiation can occur, and these include cell cycle re-entry, reduced levels of muscle differentiation markers, and/or mononucleation (McGann et al., 2001) , suggesting that mammalian myotubes can respond to newt blastema by activating a dedifferentiation program.
In the present study, we did not find BrdU-labeled nuclei in myotubes treated with SmBE, indicating that no myonuclei were detected to re-enter the cell. In addition, evidence of myotube cleavage or mononucleation after SmBE treatment was not observed. Absence of myotube dedifferentiation under the same culture conditions as those used to test the effect of newt extract (McGann et al., 2001 ) might be due to the lack of similar dedifferentiation inducing factor(s) in SmBE. Alternatively, dedifferentiation factors(s) may be present in SmBE but their effect on mammalian cells might not be functionally conserved.
Dedifferentiation of myotubes is believed to be the predominant mechanism by which muscle stem cells are generated during newt regeneration (Straube and Tanaka, 2006) . In contrast, the cellular and molecular bases for tail regeneration in S. macrurus have yet to be fully determined. However, the incidence of satellite cells in adult muscle fibers and electrocytes, the increased proliferation of satellite cells after tail amputation, and their contribution to the regeneration of muscle and EO (unpublished data) indicate that pre-existing myogenic precursor cells contribute to the regeneration of tissue in the muscle lineage in S. macrurus. Moreover, preliminary analyses of cell morphology do not indicate changes that are suggestive of cellularization of either muscle fibers or electrocytes in regions proximal to the transection site (unpublished data). Taken together, our in vivo (unpublished data) and in vitro (present study) data may be indicative of differences to which dedifferentiation and stem cell activation contribute to the regeneration process in S. macrurus vs. Urodeles amphibians.
Characterization of the Detachment Effect of Blastema Extract on Myotubes
In our study, myotubes detached from the plate within a short period of time after SmBE addition to the culture medium. Time-lapse imaging showed that this detachment was coupled to a rapid and transient calcium increase that was followed by the shortening of myotubes. Increases in intracellular calcium levels have been studied in C2C12 cells in vitro. Caffeine treatment is known to cause the release of calcium from the ryanodine-sensitive stores of the sarcoplasmic reticulum in C2C12 myoblasts and myotubes (Lorenzon et al., 1997; Tarroni et al., 1997) . During C2C12 differentiation, the number of acetylcholine receptors increases in C2C12 cells (Inestrosa et al., 1983) . Treatment of C2C12 cells with acetylcholine (ACh) or ACh agonists raises the intracellular calcium levels by inducing calcium influx through transmitter-gated and voltage-gated channels, and by activating the inositol 1, 4, 5-triphosphate second messenger system (Giovannelli et al., 1991; Grassi et al., 1993; Ogilvie et al., 2000) . Given the similar response in intracellular calcium levels in C2C12 cells to SmBE treatment, it is possible that SmBE contains a factor analogous to caffeine that mobilizes the calcium from the intracellular calcium storages into the cytosol leading to myotube contraction. SmBE might also contain ACh-like factors that can bind to the receptors on differentiated myotubes (and some differentiated mononucleated cells) and induce calcium mobilization from intracellular storage in myotubes. The variability among myotubes in the onset of contraction and strength of contraction after SmBE exposure could be attributed to different expression levels of ACh receptors and muscle contractile proteins within each myotube.
Inhibition of Skeletal Muscle Differentiation by S. macrurus Blastema Extract
Our data showed that SmBE markedly inhibits the formation of myotubes in a dose-dependent manner, and showed that the inhibitory effect of SmBE on skeletal muscle differentiation was reversible. The potential to reversibly inhibit muscle differentiation is not unique to SmBE, but is shared with several molecules including growth factors (Massagué et al., 1986; Olson et al., 1986; Spizz et al., 1986; Allen and Boxhorm, 1987; Olwin and Rapraeger, 1992; Rao and Kohtz, 1995) and cytokines (Langen et al., 2001; Zorzano et al., 2003) . Hence, the presence of a factor in SmBE that can behave as a ligand, reversibly bind to its receptor on the cell membrane, and activate a specific intracellular signaling cascade leading to inhibition of muscle differentiation would be consistent with previous studies. If true, we speculate the muscle inhibition signal in SmBE to be analogous to soluble extracellular proteins such as cytokines and growth factors because denaturation by boiling the soluble fraction of SmBE completely abolished the inhibitory effect on myoblast differentiation (data not shown).
TGFβ and FGFs inhibit muscle differentiation in different mammalian myogenic cell lines in vitro (Massagué et al., 1986; Olson et al., 1986; Spizz et al., 1986; Rao and Kohtz, 1995) . Inhibition by TGFβ is thought to occur by directly suppressing the transcriptional activity of MyoD and myogenin (Martin et al., 1992; Liu et al., 2001; Kollias and McDermott, 2008) . In addition to its mitogenic effect on myoblasts, FGF is also believed to inhibit differentiation in a proliferation-independent mechanism Tortorella et al., 2001) . Similarly to TGFβ, FGF can suppress the activity of MyoD and myogenin . In our study, we did not detect changes in the protein levels of MyoD in C2C12 myoblasts treated with SmBE. However, a decrease in the levels of transcriptional targets of MyoD (e.g., p21, myogenin and MHC) was detected during early differentiation in SmBE-treated myoblasts.
Our data demonstrated that protein extract from 1-week SmBE was more potent than that from 2-week SmBE. Blastemas at different stages of regeneration are expected to vary in their composition and abundance of regulatory factors of cell proliferation and differentiation. Oneweek blastema tissue is likely to have a higher concentration of proliferation promoting factors than 2-week blastema tissue, resulting in a greater inhibitory effect by 1-week than 2-week SmBE on differentiation of C2C12 myoblasts. Clear histological differences between 1-and 2-week blastema tissues concur with this idea. For instance, 1-week blastema is composed mostly of loose connective tissue with small vessels, a high proportion of proliferating cells (Fig. 1) , and cell clusters of unknown origin or phenotype (Patterson and Zakon, 1993; Unguez and Zakon, 1998) . In contrast, the 2-week blastema contains a predominance of cells at different stages of differentiation and these different cell types are in the early stages of organization into cartilage, muscle, electric organ, and spinal cord (Patterson and Zakon, 1993; Unguez and Zakon, 1998) and relatively fewer proliferating cells compared with 1-week blastema (Fig. 1) .
Given the apparently greater number of vessels in 1-week than 2-week blastema, there may be more angiogenic factors present in 1-week blastema tissue. In this regard, the roles of bFGF and erythropoietin on angiogenesis and their inhibitory effect on differentiation of myogenic cells are consistent with our findings using blastema extract. FGF promotes proliferation of muscle precursor cells during early regeneration and also has been suggested to play a role in the revascularization process during muscle regeneration through its angiogenic properties (Lefaucheur et al., 1996) . Likewise, erythropoietin, a cytokine required for the development and maturation of erythrocytes, has been demonstrated to stimulate the proliferation while inhibiting differentiation of satellite cells and C2C12 cells (Ogilvie et al., 2000; Kertesz et al., 2004) . Previous studies also demonstrated expression of erythropoietin receptors in nonerythroid cell lineages including endothelial cells (Anagnostou et al., 1994; Vacca et al., 1999) . Therefore, it is speculated that erythropoietin is another putative functionally conserved cytokine that might be more abundant in 1-week than 2-week SmBE and induces neovascularization and proliferation of muscle stem cells during regeneration in S. macrurus.
Proliferative Effect of Blastema Extract on C2C12 Myoblasts
The significant increase in BrdU incorporation among mononucleated cells in SmBE-treated cultures is similar to the proliferative effect of newt regeneration blastema extract on dedifferentiated C2C12 mononucleated cells reported by McGann et al. (2001) . However, our study demonstrates the proliferation enhancing effect of SmBE on myoblasts in low serum conditions. C2C12 myoblasts differentiate into myotubes when they are cultured in low serum conditions (i.e., differentiation promoting conditions) after they reach confluence. It has been shown that there is a subset of myoblasts called "reserve cells" that withdraw from the cell cycle, but do not undergo differentiation (Yoshida et al., 1998; Carnac et al., 2000) . SmBE treatment may have provided the reserve cells with a mitogenic signal analogous to TGFβ or FGF, inducing them to enter the cell cycle and promoting the proliferation of this subset of cells.
Effect of Blastema Extract on Cell Cycle Regulators
Skeletal muscle differentiation is a highly coordinated event that requires withdrawal from the cell cycle, expression of muscle regulatory factors, and fusion of mononucleated cells to form multinucleated myotubes. Cell cycle withdrawal involves the up-regulation of negative cell cycle regulators like p21 and active pRb proteins. p21 and pRb repress G1 to S phase transition (Nevins, 1992; Sherr and Roberts, 1995; Kouzarides, 1995; De Falco et al., 2006) . In addition, crosstalk between cell cycle regulators and myogenic regulatory factors-particularly MyoD -has been well established in cell cycle withdrawal. For example, independent of its role as a transcriptional activator of muscle specific genes, MyoD can induce p21 during myogenic differentiation (Martelli et al., 1994; Halevy et al., 1995; Guo et al., 1995; Kitzmann and Fernandez, 2001) . In this regard, our data showing lower levels of p21 in SmBE-treated cells could be due to lower activity levels of MyoD, although MyoD protein levels do not appear to change with SmBE treatment. Lower p21 levels can lead to higher levels of pRb in the hyperphosphorylated state (inactive form; Walsh and Perlman, 1997) , and hyperphosphorylated pRb is associated with G1 to S phase transition. The expression pattern of pRb in C2C12 cells cultured with SmBE suggests the presence of mitogenic signals in SmBE that suppresses cell cycle exit and differentiation.
MyoD regulates the expression of myogenin and sarcomeric MHC genes by activating their promoters during muscle differentiation (Tapscott, 2005) . In culture conditions with DM only or adult muscle extract, muscle cell differentiation was evident by increases in both myogenin and MHC protein levels (Fig. 9) . In contrast, culture conditions with SmBE contained lower levels of myogenin and MHC proteins indicating an inhibition of this aspect of the muscle differentiation process. A decrease in myogenin and MHC levels could result from a decrease in MyoD activity levels. However, it remains to be determined if the activity of MyoD is affected by blastema extract. In addition, the molecular mechanisms involved in other aspects of the differentiation process that are affected by SmBE, that is, myoblast fusion, will be considered in further investigations. In summary, we suggest that SmBE suppresses skeletal muscle differentiation by the promotion of cell proliferation and/or a mechanism by which differentiation is directly inhibited.
EXPERIMENTAL PROCEDURES Animals and Tissue Collection
Adult S. macrurus, a fresh-water species of knife fish native to South America, were obtained commercially from Segrest Farms (Gibsonton, FL). Fish of both sexes were anesthetized in 2-phenoxyethanol (1:1,500 in tank water) and the tail segment distal to the ventral fin was amputated. One or 2 weeks after tail amputation, fish were re-anesthetized and their regeneration blastema removed, frozen directly in liquid nitrogen and stored at −80°C until protein isolation. Similar procedures were followed to dissect and freeze ventral skeletal muscle from adult control fish that were kept at −80°C until protein isolation. After each surgery, fish were returned to their tanks, treated with Stress Coat, and monitored until they recovered from surgery. All procedures used in this study followed the American Physiological Society Animal Care Guidelines and were approved by the Animal Use Committee at New Mexico State University.
Preparation of Blastema and Muscle Extracts
Protein extracts from regeneration blastema and ventral muscle were prepared as described in McGann et al. (2001) . All procedures were carried out at 4°C or on ice. Approximately 1 g of blastema or muscle tissue was placed into 5 ml of DMEM (Dulbecco's Modified Eagle Medium; Invitrogen, #21063, Carlsbad, CA) containing protease inhibitors (2 μg/ml leupeptin, 2 μg/ml aprotinin, and 1 mM phenylmethylsulphonylfluoride [PMSF] ). Tissues were ground with an electric homogenizer for 2-3 min and then hand-homogenized for 15 min. Cell debris that remained insoluble in DMEM was removed in two subsequent centrifugation steps. The homogenate was first centrifuged at 2,000 × g for 25 min and the supernatant was centrifuged again at 100,000 × g for 60 min. The supernatant was filter-sterilized through a 0.22-μm syringe filter. Total protein content was assayed with the Bradford assay kit (Bio-Rad, Hercules, CA) and stored at −80°C until use.
Cell Culture and Reagents
The murine C2C12 myoblast cell line was purchased from American Type Cell Culture (Manassas, VA) and maintained in growth medium (GM: DMEM supplemented with 10 % fetal bovine serum, 100 units/ml penicillin G and 100 μg/ml streptomycin). To induce muscle differentiation, C2C12 myoblasts were allowed to grow to approximately 90% confluence in GM and switched to differentiation medium (DM: DMEM supplemented with 2% horse serum, 100 units/ml penicillin G, and 100 μg/ml streptomycin). Cell culture reagents (DMEM, serum, antibiotics, etc.) were purchased from Invitrogen unless otherwise indicated.
Tissue Extract Treatments
We determined the effects of S. macrurus tissue extracts on the phenotype of both fully differentiated C2C12 myotubes by incubating them in extracts from either adult skeletal muscle or blastema (0.025-0.10 mg/ml) for up to 3 days after re-plating them at low density in multiwell plates coated with 0.1% gelatin (Sigma, G1890). Effects of protein extracts on myoblast differentiation were also studied by culturing C2C12 cells in different conditions for 5 days and then processed for phenotypic assays. Treatment conditions included muscle, 1-week, and 2-week blastema extract at concentrations of 0.025, 0.05, and 0.10 mg/ml. Control treatments did not include tissue extracts.
BrdU Incorporation and Immunofluorescence Assays
To determine changes in cell proliferation, C2C12 cells cultured under all treatments described above were incubated in 5-bromo-2′-deoxyuridine (BrdU; 10 μM) for 12 hr. BrdU incorporation was detected by immunofluorescence using the BrdU Detection Kit I (Roche Applied Science, Indianapolis, IN) following the manufacturer's instructions. Markers of the differentiated muscle phenotype included antibodies specific to sarcomeric MHCs (MF20; 1:5) and Titin (9D10; 1:5) that were purchased from the Developmental Hybridoma Bank (University of Iowa, IA). Briefly, C2C12 cells were fixed in cold methanol at −20°C for 15 min and permeabilized in phosphate buffered saline containing 0.1% Triton X-100 (PBS-T). After incubation in blocking buffer (3% bovine serum albumin in PBS-T), cells were incubated with primary antibodies diluted in blocking buffer for 1 hr at 37°C. The cells were then incubated with AlexaFluor488-conjugated secondary antibodies (antimouse, 1:200; Molecular Probes, Eugene, OR). Cell nuclei were stained using Hoechst 33342 (Molecular Probes). Images of immunolabeled cells were captured using a Zeiss Axiovert 200M interfaced with a CCD fluorescent camera and equipped with Axiovision software version 4.5. (Carl Zeiss microimaging, Thornwood, NY).
Fluo-4-AM Loading and Imaging
C2C12 myoblasts were loaded with 5 μM of the Ca 2+ indicator Fluo-4-AM (Molecular Probe; F14217) for 1 hr at 37°C and washed twice with indicator-free DM before additional incubation in DM for 30 min. The fluorescence signal was detected at excitation 485 nm and emission at 520 nm wavelength by using a Zeiss Axiovert 200M equipped with a CCD fluorescent camera, and the images were captured using Axiovision software (version 4.5). For BAPTA (Calbiochem, 196419) pretreatment, cells were incubated in DM containing BAPTA (30 mM) for 1 hr before either caffeine (Sigma; C0750) or extract treatment. BAPTA stock solution (5 mM) was prepared in dimethyl sulfoxide and kept at −20°C until use. Caffeine was solubilized in culture medium at working concentrations before use.
Quantification of the Effect of Blastema on C2C12 Differentiation
The effect of blastema extract on C2C12 differentiation was assessed using three different parameters: (1) expression of a muscle differentiation marker (e.g., MHC), (2) degree of cell fusion in myotubes, and (3) frequency of myotube formation. The extent of cell fusion under different culture conditions was estimated based on the mean number of nuclei per myotube, whereas the frequency of myotube formation was determined by calculating the mean number of myotubes formed per 100 nuclei. C2C12 cells were induced to differentiate in DM containing extract from either adult muscle or blastema (0.025 or 0.05 mg/ml) for 5 days and processed for immunofluorescence staining using antibodies against MHC or titin. To quantify immunolabeling patterns obtained after each treatment, four microscopic fields were randomly selected containing approximately 2,000-2,500 nuclei. The number of nuclei in MHC-positive cells (both mononucleated cells and myotubes) was compared with the total number of nuclei present in each microscopic field in each treatment group. Cells with at least two nuclei were defined to be myotubes. We also calculated the mean percent of nuclei in MHC positive cells compared with total number of nuclei in each field (number of nuclei in MHC-stained cells divided by total number of nuclei) to determine the effect of blastema extract on the differentiated phenotype.
Western Blot Analysis
Total cell lysate from C2C12 cells were prepared using lysis buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM Na 2 ethylenediaminetetraacetic acid [EDTA], 1 mM ethyleneglycoltetraacetic acid [EGTA] , 1 % Triton, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na 3 VO 4 , 1 μg/ml leupeptin and 1 mM PMSF and 1× protease inhibitor cocktail [Roche, Indianapolis, IN]) on ice for 5 min. The cell lysate was scraped off the plate and incubated on ice for 15 min with intermittent vortexing followed by centrifugation at 13,000 rpm for 15 min at 4°C. Supernatant was collected and assayed for total protein concentration by using the Bradford assay kit (Bio-Rad). Total protein (50 μg) was separated by means of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (4-12%), transferred onto PVDF membranes, and visualized by Ponceau S staining to ensure equal loading and transfer of proteins to the membranes. Membranes were washed twice with TBS-T (0.1 % Tween-20 in Tris buffered saline [TBS] ), and incubated in blocking buffer (5% nonfat dry milk in TBS-T) for 1 hr at room temperature. Membranes were then incubated with primary antibody diluted in 5% BSA in TBS-T overnight at 4°C. Primary antibodies included: monoclonal mouse anti-MyoD (1:500, BD Pharmingen), polyclonal rabbit anti-Myf5 (1:500, Santa Cruz Biotechnology), monoclonal mouse anti-myogenin (F5D, 1:20, Hybridoma Bank), monoclonal mouse anti-myosin heavy chain (MF20, 1:20, Hybridoma Bank), monoclonal rabbit antiphospho-p38 MAPK (1:1,000, Cell Signaling), polyclonal rabbit anti-p38 MAPK kinase (1:1,000, Cell Signaling), monoclonal mouse anti-p21 (1:500, Santa Cruz), monoclonal mouse anti-cyclin D1 (1:500, Santa Cruz), monoclonal mouse anti-Rb (1:250, BD Pharmingen), and monoclonal mouse anti-β-actin (1:1,000, Santa Cruz) antibodies. Membranes were washed with PBS-T, incubated with anti-mouse or anti-rabbit horseradish peroxidase (HRP) -conjugated secondary antibodies (1:5,000, Bio-Rad) for 1 hr at room temperature, and then exposed to the Opti-4CN substrate (Bio-Rad) to visualize the primary-secondary antibody complex.
BrdU Immunolabeling of Tissue Sections
Fish were given intraperitoneal injections of BrdU (Sigma) at a dose of 100 mg/kg immediately after tail amputation and the regeneration blastema was removed 7 or 14 days after for BrdU immunofluorescence. Longitudinal sections of regeneration blastema 1-week and 2-week after tail amputation were cut at 14-μm thickness in a cryostate at −20°C, mounted on glass slides (Superfrost Plus, Fisher, Pittsburgh, PA), and air-dried at room temperature. Slides were immersed in 0.1M PBS for 5 min followed by incubation in HCl solution (1.5 ml HCl/23.5 ml ddH 2 O) for 30 min at 37°C. Slides were rinsed in PBS, incubated in 0.1 M sodium borate (pH 7-8) for 10 min at room temperature, and then immersed in 1% blocking solution (Invitrogen) for 30 min before incubation in mouse anti-BrdU antibody (BD biosciences, San Jose, CA; 1:20) for 15-20 hr at room temperature. Primary antibody was visualized using a biotinylated secondary antibody (Vectastain ABC kit, Vector Labs) and HRP reaction was run to amplify the signal by use of diaminobenzidine and hydrogen peroxidase. Brown precipitate indicated a positive label. Images of immunolabeled tissue sections were visualized and captured on a CCD camera (ORCA-100, Hamamatsu, Japan) controlled by OpenLab imaging software (Improvision, Lexington, MA). Final images were represented using Adobe Photoshop (version 7.0; Adobe Systems, Inc., San Jose, CA). Regeneration blastemas 1-week and 2-week after tail amputation. A: Picture of a 1-week blastema formed at the base of the amputation plane (dashed line) that appears as a visible swelling at the end of the tail. A longitudinal cryosection (14 μm thick) of a 1-week blastema immunoreacted with anti-bromodeoxyuridine (BrdU) antibody shows a predominance of BrdU-positive cells in the distal half portion of the blastema. Mature electrocytes (EC) and muscle fibers (mm) are discerned proximal to the amputation plane (dashed line). B: Picture of a 2-week blastema formed at the base of the amputation plane (dashed line) that appears as a visible swelling at the end of the tail. Below the tail, we show a longitudinal cryosection (14 μm thick) of a 2-week blastema immunoreacted with anti-BrdU antibody. The presence of differentiated muscle fibers (mm) adjacent to the epithelium (epi) and more centrally located electrocytes (asterisks) was evident. A region containing BrdU-positive cells (blue arrowheads) is enlarged (dotted box) to clearly view the cells immunolabeled by anti-BrdU within the muscle fibers. The dark label adjacent to the epithelium (epi) in both A and B corresponds to melanocytes (arrows), which always display dark coloration. Protein extracts from S. macrurus blastema (SmBE) do not induce myotube nuclei to re-enter the cell cycle. After C2C12 myoblasts were induced to differentiate in differentiation medium (DM), they were re-plated at low density and treated with either DM only (control), adult muscle extract (AM) or blastema extract (SmBE) at 0.05 mg/ml for 3 days. For bromodeoxyuridine (BrdU) labeling, cells were incubated with BrdU for the last 12 hr of the 3-day treatment. BrdU labeled-nuclei were detected by immunofluorescence staining using anti-BrdU antibody and all cell nuclei were stained with Hoechst 33342 (blue). Myotubes are indicated by white arrows. Images were taken at ×100 magnification. Protein extracts from S. macrurus blastema (SmBE) resulted in contraction of myotubes, leading to detachment. A: C2C12 myotubes in differentiation medium (DM) were either treated with adult muscle extract (AM: 0.025 mg/ml) or 1-week SmBE (0.025 mg/ml). Phase contrast microscopy was taken before the addition of extract to the medium ("before treatment") and 20 min after blastema extract treatment ("20 min") and 60 min after adult muscle extract treatment ("60 min"). B: Representative time lapse images of a myotube in culture treated with 1-week blastema extract (0.05 mg/ml) during 20-min period. Images were taken at ×200 magnification by phase contrast microscopy (Zeiss Axiovert 200M). Protein extracts from S. macrurus blastema (SmBE) induced calcium transient in myotubes. Differentiated C2C12 cells were loaded with calcium indicator Fluo-4 for 1 hr before additional treatment for the indicated time periods. Time-lapse pictures were taken every minute. A: Representative time lapse images of Fluo-4 signal after addition of SmBE to the culture during 15-min period. The fluorescence signal was detected at excitation 485 nm and emission at 520 nm wavelength, and time-lapse images were taken at ×100 magnification. B: Representative time lapse images of Fluo-4 signal after addition of adult muscle extract to the culture during a 14-min period. C: Calcium chloride (20 mM) was added to C2C12 cells loaded with fluo-4. Representative time lapse images of 10 min period are shown. D: Caffeine (40 mM) was added to the culture of C2C12 cells loaded with fluo-4 and time lapse images were taken for 15-min period every minute. Representative images are shown. Arrows point individual myotubes that contracted after calcium transient. Images were taken at ×100 magnification. Protein extracts from S. macrurus blastema (SmBE) enhances the proliferation of C2C12 myoblasts. Quantification of bromodeoxyuridine (BrdU) -labeled cells. After C2C12 myoblasts were induced to differentiate in differentiation medium (DM, they were re-plated at low density and treated with either DM only (control), adult muscle extract (AM), or SmBE (1-week and 2-week) at 0.05 mg/ml for 3 days. Cells were incubated with BrdU for the last 12 hr of the 3-day treatment in each condition. Cells from 10 different microscopic fields with ≥ 100 cells per field were counted and the percentage of BrdU-labeled cells was calculated in each field. Data are the means ± SD. Student t-test was used to compare the effect of extract with control. Asterisk (*) indicates a difference at P < 0.05. Protein extracts from S. macrurus blastema (SmBE) inhibits differentiation of C2C12 myoblast cells. Myoblasts were induced to differentiate for 5-6 days in the presence of differentiation medium (DM) only (Control), adult muscle extract (AM), or SmBE (1-week and 2-week) at concentrations of 0.025 mg/ml (0.025) and 0.05 mg/ml (0.05). A: Cells were fixed and immunostained using MF20 (green in merged images). Cell nuclei were stained with Hoechst 33342 (blue in merged images). B: Quantitative analysis for the effects of SmBE on muscle differentiation. a: Effect of SmBE on MHC expression. b: Effect of SmBE on myotube formation. c: Effect of SmBE on cell fusion measured by number of nuclei per myotube. Data are the means ± SD. Student t-test was used to compare the effect of extract with control. Protein extracts from S. macrurus blastema (SmBE) -induced inhibition of differentiation is similar to the inhibition caused by transforming growth factor-beta (TGFβ) and basic fibroblast growth factor (bFGF). C2C12 myoblasts were cultured in differentiation medium (DM) for 5 days in the presence of bFGF or TGFβ at concentrations indicated in each panel. A parallel culture was maintained in the presence of SmBE to compare the phenotype. Phase contrast images were taken at ×100 magnification. Inhibition of myoblast differentiation by Protein extracts from S. macrurus blastema (SmBE) is reversible. A: C2C12 myoblasts were cultured in differentiation medium (DM) only (a), or in DM with SmBE (b) for 3 days. Myoblasts treated with SmBE (0.1 mg/ml) for 3 days (b) were replaced with DM only and incubated for 4 additional days (c). To compare the effect of SmBE removal from DM, myoblasts were continued to be incubated in DM with SmBE for 4 additional days (d), in parallel with (c). Phase contrast images were taken at ×100 magnification. 3d(−): DM only for 3 days; 3d(+): DM and SmBE for 3 days; 3d(+), 4d(−): DM and SmBE for 3 days followed by DM only for 4 days; 3d(+), 4d(+): DM and SmBE for 7 days. B: Western blots of C2C12 myoblasts cultured in different conditions for 7 days using antibodies against sarcomeric MHC, myogenin and β-actin. Total protein (50 μg) extracted from myoblasts was resolved by 4-15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to a polyvinylidene difluoride (PVDF) membrane, and probed with antibodies. β-actin immunoblot was done to demonstrate equal loading. Con, DM only; AM, adult muscle extract; SmBE, S. macrurus blastema extract. Concentrations of protein extract were 0.05 mg/ml and 0.10 mg/ml. Protein extracts from S. macrurus blastema (SmBE) modulates the expression of differentiation regulators and markers. Western blot analyses of C2C12 myoblasts cultured in differentiation medium (DM) with extract from adult muscle extract (AM) or 1-week blastema (SmBE) at 0.05 mg/ml or without extract (−) for 0, 1 and 2 days. Total protein (50 μg) was resolved by 4-15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to a PVDF membrane and probed with antibodies against MHC, MyoD, myogenin, Myf5, p21, cyclin D1, and pRb antigens. Top arrow indicates hyperphosphorylated pRb and bottom arrow indicates hypophosphorylated pRb. Membranes were also probed with anti-β-actin antibody to demonstrate equal loading.
